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INTRODUCTION
Freshwater marshes and lake littoral zones are widely recognized as among the most productive ecosystems on earth (Wetzel 1990) . Emergent vascular plants, such as Typha (cattail) and Phragmites (reed), often constitute a major portion of the plant biomass produced within these habitats (e.g., Wetzel and Howe 1999; Windham 2001) . Most of this living plant biomass enters the pool of decaying plant material following plant senescence and death (Dvorák and Imhof 1998) , where microorganisms (bacterial & fungi) play an important role in its decomposition and mineralization (Kuehn et al. 2000; Findlay et al. 2002; Kuehn et al. 2004; Büsing and Gessner 2006) . Hence, given the detrital-based nature of most wetland ecosystems, quantifying the conversion and flow of carbon and nutrients from plant detritus into associated microbial decomposers (bacteria and fungi) would seem to be a pivotal component in our understanding of elemental cycling within these systems.
In aquatic ecosystems, bacteria are widely regarded as playing an important role in organic matter processing (Cole et al. 1988; Simon et al. 2002; Büsing and Gessner 2006) .
The use of techniques for estimating rates of bacterial secondary production (BSP) from rates of incorporation of radiolabeled substrates (i.e., concerning the functional role of bacteria in carbon cycling in both freshwater and marine ecosystems. Originally developed for estimating production of planktonic bacteria in oceanic environments (Fuhrman and Azam 1980; Kirchman et al. 1985) , both the and Casper 2000; Büsing and Gessner 2003) , and biofilms associated with decaying plant litter (Thomaz and Wetzel 1995; Suberkropp and Weyers 1996; Weyers and Suberkropp 1996; Thomaz and Esteves 1997; Büsing and Gessner 2003) . Modifications to the original methods for their application to other nonplanktonic habitats have often developed from a critical assessment of the assumptions underlying the radiotracer approach (e.g., substrate specificity, substrate saturation, linearity of incorporation, and efficiency of extraction of the radiolabeled macromolecule) (Thomaz and Wetzel 1995; Suberkropp and Weyers 1996; Fischer and Pusch 1999; Büsing and Gessner 2003) .
Early studies examining the efficacy of the 3 H-leucine-incorporation technique for quantifying rates of bacterial production associated with decaying plant matter in freshwater ecosystems have shown that saturation of leucine incorporations rates occurred at a leucine concentration of 400 nM (Thomaz and Wetzel 1995; Suberkropp and Weyers 1996) , which was ca. 20-40 times higher than saturation concentrations observed for planktonic bacteria in marine waters (Fuhrman and Azam 1980; Kirchman et al. 1985) . A modification to the labeled protein extraction technique that involved an initial ultrasonication step prior to the standard TCA protein precipitation and filtration was assumed to effectively remove attached bacteria, and hence radiolabeled bacterial protein, from the decaying litter substratum (see Thomaz and Wetzel 1997) .
A recent study by Büsing and Gessner (2003) , using an improved protein-extraction method, observed that saturation of leucine-incorporation rates for bacterial communities associated with decaying Phragmites australis litter occurred at a leucine concentration nearly 2 orders magnitude higher than previously reported (50 µM vs. 400 nM), suggesting that a) prior extraction protocols (i.e., ultrasonication) were not effective in removing radiolabeled protein from the litter substrate and b) the functional role of bacteria in carbon transformations within aquatic ecosystems (i.e., littoral wetlands) may be significantly underestimated (Büsing and Gessner 2006) . In their method description, Büsing and Gessner (2003) solubilized proteins associated with litter samples, using an alkaline solution after initial ultrasonication, centrifugation, and washing procedures to remove unincorporated 3 Hleucine. However, despite the more efficient extraction of radiolabeled protein, high background levels in killed control samples (i.e., signal:noise ratio ~ 4:1) suggested absorption of radiolabel to litter samples, which potentially compromise the accurate determination of leucine-incorporation rates. In addition, Büsing and Gessner (2003) advised that caution must be used when litter-associated fungal biomass greatly exceeds (ca. > 20 times) bacterial biomass, as there is potential for fungal uptake of incorporation into protein, these saturation-uptake experiments included a wider range of leucine concentrations (9 total) than those tested earlier (6 total) by Büsing and Gessner (2003) . Additional studies also examined the linearity of leucine incorporation into protein.
Finally, I used an alkaline-protein-extraction method, coupled with microdialysis (500MWCO) instead of ultrasonication and centrifugation, to help facilitate removal of free unincorporated radiolabel while ensuring retention of radiolabeled macromolecules (i.e., protein). Ten milliliters of alkaline extractant (0.3 N of NaOH, 0.1% SDS, 25 mM of EDTA) was added to each tube, and these tubes were incubated at 80 °C in a dry-block heater for 60 min. The tubes were removed and cooled to room temperature. Sample aliquots (500 µl) of protein extracts were placed into sterile 1.8-ml, plastic microcentrifuge tubes and adjusted to a pH ~7 with the addition of HCL. Sample aliquots (100 µl) of this solution were placed into individual wells of a Microdialyser System 100 (Pierce Chemical, Inc., part # 0066315) and dialyzed overnight (≥ 12h) against an ammonium bicarbonate buffer (0.2 M NH 4 HCO 3 , 0.1% SDS, 25 mM EDTA, 0.1 M NaCl) through a 500MWCO dialysis membrane (Spectrum, Inc.). After dialysis, liquid samples were removed, mixed with 100 µl of 50% H 2 O 2 in 20-ml, glass scintillation vials and incubated overnight to "clear" samples of humic coloration (see Wetzel & Likens 1991) . Subsequently, 10 ml of scintillation fluid (Ecolume) were added to each vial, mixed, and allowed to sit for > 24 h before radioactivity was determined by liquid scintillation (Beckman, Inc.).
MATERIALS AND METHODS

Study site
Rates of leucine incorporation were fitted to the hyperbolic function of MichaelisMenten-type kinetics, using iterative least-squares nonlinear regression analysis (Systat 10.2.). The fitted parameters were used to estimate V max (maximum leucine incorporation rates) and the apparent K m (i.e., K t + S n ) for each saturation experiment. Isotope dilution was determined as the ratio of V max to V measured at leucine concentrations at which saturation uptake rates were observed (see Fischer and Pusch 1999 and Gessner 2003) .
Leucine incorporation: linearity of incorporation
Time-course experiments were conducted at a concentration at which initial saturation of leucine uptake was observed (i.e., 2.5 µM). Filters were removed from the filtering apparatus and placed sample side up on separate drops of 2.5% (v/v diluted from stock) SYBR Green I in clean plastic Petri dishes and stained for 15 min in darkness. Residual moisture from the filters was removed after staining by resting the back sides of the filters on Kimwipes. Filters were mounted on glass slides with 30 µl of antifade mounting solution containing 50% glycerol, 50% PBS (120 mM NaCl, 10 mM NaH 2 PO 4 at pH 7.5) and 0.1% p-phenylenediamine (Noble and Fuhrman 1998) . A 25-mm, circular, glass cover slip was then placed on the filter surface, and a drop of immersion oil (Cargille, Type DF, Formula 1261) was applied. Bacterial cells were enumerated (1000x magnification) in a minimum of 10 fields (≥ 350 cells), using a Leica DMRB epifluorescence microscope, and the cells were assigned to six categories according to size and shape. Video-capture photographs were taken of representative bacterial cells using a DEI-470 video camera system (Optronics Engineering, Inc.), and corresponding bacterial size classes were measured using Scion Image analysis software (Scion Corp.) (see Gulis and Suberkropp 2003) . Biovolume estimates (µm ) that accounts for size-dependent differences in the carbon density of bacterial cells (Simon and Azam 1989) .
Fungal biomass
Fungal biomass associated with collected litter samples was estimated from concentrations of the fungal membrane sterol, ergosterol (Gessner and Newell 2002) . Two replicate litter sections (T. angustifolia, S. validus) or four leaf discs (P. australis) were placed into sterile (autoclaved), 20-ml, glass, scintillation vials and stored frozen at -20 °C until analyzed. Frozen samples were lyophilized and weighed, and ergosterol was extracted in alcoholic KOH (0.8% KOH in HPLC-grade methanol, total extraction volume 10 ml) for 30 min at 80 °C in tightly capped digestion tubes, with constant stirring. The resultant crude extract was partitioned into n-pentane and evaporated to dryness in 15-ml, glass, conical vials under a stream of nitrogen gas (Kuehn and Suberkropp 1998) . Ergosterol in dried samples was redissolved by ultrasonication (10 min) in 1 ml of methanol, and centrifuged, and the supernatants were stored in tightly capped 2-ml, screw-cap vials at -20 °C in darkness until 
RESULTS
Leucine incorporation: substrate saturation and isotope dilution Leucine incorporation rates into protein exhibited a biphasic saturation curve, with rates of leucine incorporation reaching initial saturation at concentrations below ca. 5 µM and a second saturation plateau occurring at concentrations greater than ca. 10 µM (Figs. 1-3 ). A similar biphasic response was observed for all plant litter types and incubation times (i.e., 2, 4, and 8 weeks) examined. For T. angustifolia, initial saturation of leucineincorporation rates was relatively consistent, occurring at a final leucine concentration of 2.5
µM throughout bacterial development on decaying litter (Fig. 1) . In contrast, leucine concentrations needed for initial saturation of leucine-incorporation rates associated with
Schoenoplectus and Phragmites litter decreased during bacterial development (Figs. 2-3 ).
During early bacterial development (~ 2 weeks), saturation of leucine-incorporation rates was observed at a final concentration of 2.5 µM. However, during later bacterial development (~ 8 weeks), saturation of leucine-incorporation rates occurred at a lower concentration of 1.25
µM.
Nonlinear regression analysis revealed apparent half-saturation constant estimates (K t + S n ) that ranged from 400 nM to 59 µM depending on the plant species, concentration range, and stage of bacterial development examined (Tables 1-3 ). As expected, lower halfsaturation constant estimates (range 400 nM to 4.2 µM) were generally observed when nonlinear regression analyses were restricted to the leucine-concentration range that described the first initial saturation plateau (i.e., 10n M to 2.5 µM) (Tables 1-3) . Likewise, higher halfsaturation constants were observed when higher leucine concentrations (i.e., 10 nM to 20 or 50 µM) were included in the analyses. Estimates of isotope dilution (ratio of V max :V measured ) Microdialysis of the final protein extract (500 MWCO) increased the signal:noise ratio by ca. 20% for leucine-incorporation samples from Typha and Schoenoplectus but not for Phragmites samples. However, even with microdialysis, the signal:noise ratio (i.e., the ratio of radioactivity in samples to that in killed controls) was relatively low and showed a dramatic decrease with increasing final leucine concentration (e.g., 10 nM ≅ 29 vs. 2.5 µM ≅ 9 vs. 20 µM ≅ 4). In addition, considerable variability in leucine-incorporation rates was observed among replicates at higher final leucine concentrations (Figs. 1-3 ).
Leucine incorporation: linearity of incorporation
Rates of leucine incorporation displayed linearity with time up to an incubation period of 60 min for T. angustifolia and S. validus and up to 90 min for P. australis (Fig. 4) .
At longer incubation times (i.e., > 60 min), rates of leucine incorporation leveled off in both T. angustifolia and S. validus.
Microbial biomass
Living fungal biomass, as measured by ergosterol concentrations, ranged from 24 to 90 mg C g -1 detrital C and differed significantly (p < 0.01) among the plant species examined (Table 4) . Fungal biomass concentrations on decaying S. validus were ~ 2 times higher than concentrations observed on T. angustifolia and P. australis leaf litter. Fungal biomass associated with decaying T. angustifolia and P. australis litter increased slightly after 4 weeks of submergence but then subsequently decreased by the last sampling date (8 weeks).
In contrast, fungal biomass associated with decaying S. validus litter gradually decreased during the study period. However, the observed differences in litter-associated fungal biomass among plant species were not significant (p > 0.3 ANOVA).
Bacterial biomass associated with decaying plant litter increased significantly (p < 0.001, ANOVA) during submerged litter decay for all plant species examined (Table 4) .
Similar patterns in bacterial biomass concentrations were observed on T. angustifolia and S.
validus. In contrast, significantly higher bacterial biomass concentrations (3-4 times) were observed on P. australis litter. Despite increases in litter-associated bacterial biomass, fungal biomass still accounted for ≥ 84% of total microbial biomass associated with decaying plant litter (Table 4) . H-leucine-uptake kinetics, using six leucine concentrations ranging between 10 and 800 nM. Likewise, studies by Suberkropp and Weyers (1996) examined 3 Hleucine-uptake kinetics, using only five leucine concentrations ranging between 50 and 800nM. Hence, the range of leucine concentrations tested by both Thomaz and Wetzel (1995) and Suberkropp and Weyers (1996) was not sufficiently broad to detect any potential additional saturation plateaus in 3 H-leucine uptake, which could occur at high (> 800 nM) leucine concentrations.
In contrast, Thomaz and Wetzel (1995) , Suberkropp and Weyers (1996) , and Büsing and Gessner (2003) examined six widely dispersed leucine concentrations ranging between 10 nM and 100 µM. The inclusion of higher leucine concentrations in their studies resulted in the observed saturation of leucine uptake at a substantially higher final leucine concentration (~ 50 µM). However, the limited number of leucine concentrations tested within their studies, especially at the lower concentrations, may have resulted in saturation curves with insufficient resolution for observation of any potential initial saturation of leucine uptake at lower concentrations.
In the present study, I examined rates of leucine incorporation, using 9 leucine concentrations ranging from 10 nM to 50 µM. I included additional leucine concentrations in order to provide greater resolution of leucine-uptake dynamics within this large concentration range, particularly at low concentration levels. When nonlinear regression analyses included all leucine-uptake data for each plant species, saturation of rates of leucine incorporation into protein appeared to exhibit single uniphasic curves, with saturation of leucine incorporation occurring at final leucine concentrations > 10 µM (see Figs. 1-3) . These results were consistent with previous findings of Büsing and Gessner (2003) , suggesting that saturation of leucine uptake into protein may occur at a much higher leucine concentration (i.e., 10µM) than previously reported. However, when nonlinear regression analyses were restricted to a lower leucine-concentration range (i.e., 5 concentrations between 10 nM and 2.5 µM), I also observed a saturation plateau in rates of leucine incorporation, indicating that natural microbial communities associated with decaying plant litter may exhibit kinetic variability that yields a biphasic mode of 3 H-leucine uptake.
Previous studies examining substrate uptake kinetics of natural bacterial populations have reported bi-and multiphasic modes in substrate uptake (e.g., Fisher and Pusch 1999, Unanue et al. 1999) . Recently, Unanue et al. (1999) examined the kinetics of bacterial hydrolytic ectoenzymatic activity and uptake of monomeric compounds in natural bacterioplankton communities from the Mediterranean Sea. Bacterial uptake rates were examined over a wide range of substrate concentrations (0.2 nM to 3 µM), using both a mixture of radiolabeled amino acids and glucose. Results of their study revealed that marine bacterioplankton exhibited biphasic kinetic response in the uptake of glucose and amino acids; high-affinity-uptake systems were responsible for uptake at low substrate concentrations (K m 1.4 to 42nM), and low-affinity-uptake systems were responsible for uptake at high substrate concentrations (K m 0.1 to 1.3 µM). The authors postulated that the existence of these two uptake phases could be due to differing physiologic attributes within mixed bacterial communities (e.g., high-vs. low-affinity adapted bacteria). Similar biphasic Differences among studies in extraction protocols for recovery of radiolabeled protein from samples may be an additional factor in the observed differences in leucineincorporation maxima between the present study and previous investigations Wetzel 1995, Suberkropp and Weyers 1996) . Early studies by Thomaz and Wetzel (1995) and Suberkropp and Weyers (1996) used a modified protein-extraction technique that included an initial ultrasonication step prior to TCA protein precipitation and filtration. This ultrasonication step was assumed to effectively remove attached bacteria and corresponding radiolabeled bacterial protein from the decaying litter sample. However, Büsing and Gessner (2003) recently reported that the inclusion of an alkaline extraction step (i.e., NaOH, SDS)
after ultrasonication and washing of samples significantly increased recovery of radiolabeled protein. This finding suggest that earlier protocols used by Thomaz and Wetzel (1995) and Suberkropp and Weyers (1996) for extracting labeled protein from litter substrates may not accurately reflect the true rates of In the present study, we used an alkaline-extraction method (Büsing and Gessner 2003) , coupled with microdialysis (500 MWCO) of the final extract, instead of ultrasonication to facilitate removal unincorporated radiolabel while retaining larger radiolabeled protein. Microdialysis increased the signal:noise ratio (i.e., signal of sample:killed control) by ~ 20% for samples from Typha and Schoenoplectus but not from
Phragmites. However, despite microdialysis, high background levels were still observed in killed controls, indicating continued abiotic complexation of organic compounds following alkaline extraction (see Figure 3, step 7, Büsing and Gessner 2003) . I observed a sharp decline in signal:noise ratio with increasing leucine concentrations, while high final concentrations of leucine (e.g., > 20 µM) had a signal:noise ratio of ~ 4.
Furthermore, considerable variability in leucine-incorporation rates were observed among replicates at higher final leucine concentrations, likely because of a lower specific activity of leucine used within these samples and possibly the lower signal:noise ratio experienced.
Hence, these factors may have compromised our accurate estimation of rates of leucine incorporation at these higher concentrations. Similar findings were also observed by Büsing and Gessner (2003) , who reported high background levels (signal:noise ~ 4) and substantial variability among sample replicates (i.e., decaying litter) at high final leucine concentrations (see Figure 1c in Büsing and Gessner 2003) .
In the present study, rates of leucine incorporation into protein were linear for up to 90 min for P. australis and up to 60 min for T. angustifolia and S. validus, indicating that short-term radioisotopic incubations at 2.5 µM leucine did not stimulate a significant increase in bacterial protein synthesis. However, I observed a departure from linear rates of incorporation for T. angustifolia and S. validus after 90 min, suggesting that bacterial communities associated with plant litter of these species may have depleted leucine within samples or shifted their metabolic uptake of leucine during this longer incubation period.
These findings are consistent with those of previous studies (Thomaz and Wetzel 1995; Suberkropp and Weyers 1996; Büsing and Gessner 2003) that found that leucine uptake was linear for up to 60 min, thus suggesting that a 30-min incubation time for leucine uptake is satisfactory over a wide range of conditions. H-leucine was primarily due to bacterial uptake and metabolism, even at leucine concentrations of 50 µM. Addition of eukaryotic inhibitors (cycloheximide and colchicines) to litter samples had no effect on rates of leucine incorporation at 20 and 400 nM but caused a 28% reduction at 50 µM. The authors surmised that this suppression in rates of leucine incorporation at 50 µM may have resulted from the high variability observed among replicates rather than from eukaryotic inhibition because these results were counter to those of additional experiments that found total suppression of leucine incorporation when bacterial inhibitors (streptomycin and chloramphenicol) were added to incubation samples. However, note that similar inhibitor studies by Suberkropp and Weyers (1996) observed a 27% reduction in rates of leucine incorporation at a final leucine concentration of 400 nM.
Previous physiologic studies using pure cultures indicated that fungal organisms are capable of leucine uptake at high micromolar concentrations (Pall 1969 , Horák 1986 ).
However, as Büsing and Gessner (2003) stated, the real question is whether fungi (i.e., filamentous hyphae) successfully compete with bacteria for exogenous leucine (e.g., 50 µM)
that is added to radiolabeled incubation assays. Using previous uptake data for high-affinity leucine-transport systems in Saccharomyces cerevisiae and Neurospora crassa, Büsing and Gessner (2003) estimated that bacteria associated with decaying P. australis would take up leucine between 19 and 65 times faster than fungi at exogenous leucine concentrations of 50 µM. Consequently, fungal assemblages colonizing plant detritus could contribute equally to total leucine incorporation if their metabolically active biomass were 19-65 times that of bacteria.
Using similar calculations, I estimated that filamentous fungi associated with decaying plant litter in the present study could also contribute equally to total leucine incorporation if their metabolically active biomass were 5-71 times that of bacteria, depending on litter type and leucine concentration. However, as in Büsing and Gessner (2003) , this estimate is based largely on the assumption that leucine uptake rates of filamentous fungal organisms colonizing decaying plant litter exhibit similar uptake rates as reported for N. crassa (i.e., Horák 1986 , high-affinity leucine-transport system having a V max = 0.1nmol mg in mycelia). In addition, the underlying comparison of potential fungal uptake rates to those of bacteria in this study and Büsing and Gessner's (2003) study also assumes that the maximum rates of 3 H-leucine incorporation (V max ) were entirely due to litter-associated bacterial communities.
In the present study, fungal biomass associated with decaying plant litter was between 5 and 135 times that of bacterial biomass. The presence of substantial fungal biomass associated with decaying plant litter suggests that these eukaryotic osmotrophs might contribute to total leucine incorporation, particularly at micromolar leucine concentrations where uptake by metabolically active fungi is likely (Pall 1969; Horák 1986 ). This uptake and incorporation of radiolabeled (Table 5 .0). In contrast, if we assume that initial saturation of rates of leucine incorporation occur at the first saturation plateau (~ 2.5 µM), then the estimate of carbon production would be roughly 6-fold less (3.6 ± 1.7 mgC gC (Table 5 .0). These divergent production estimates illustrate the continued uncertainty of the leucine method as a tool for measuring bacterial secondary production on decaying plant litter and may explain the wide-ranging estimates of bacterial secondary production that have been reported in the literature for decaying wetland plant litter (Kuehn et al. 2000; Büsing and Gessner 2006) . Future studies using pure and mixed cultures of bacteria and fungi colonizing sterile litter substrates may help to clarify the involvement of fungal organisms in leucine uptake and further refine the final leucine concentrations that are appropriate for quantifying bacterial uptake. 
